Abstract The aim of this study was to find out the optimal moisture adding rate of brown rice during the process of germination. The process of water addition in brown rice could be divided into three stages according to different water absorption speeds in soaking process. Water was added with three different speeds in three stages to get the optimal water adding rate in the whole process of germination. Thus, the technology of segmented moisture conditioning which is a method of adding water gradually was put forward. Germinated brown rice was produced by using segmented moisture conditioning method to reduce the loss of water-soluble nutrients and was beneficial to the accumulation of gamma aminobutyric acid. The effects of once moisture adding amount in three stages on the gamma aminobutyric acid content in germinated brown rice and germination rate of brown rice were investigated by using response surface methodology. The optimum process parameters were obtained as follows: once moisture adding amount of stage I with 1.06 %/ h, once moisture adding amount of stage II with 1.42 %/h and once moisture adding amount of stage III with 1.31 %/h. The germination rate under the optimum parameters was 91.33 %, which was 7.45 % higher than that of germinated brown rice produced by soaking method (84.97 %). The content of gamma aminobutyric acid in germinated brown rice under the optimum parameters was 29.03 mg/100 g, which was more than two times higher than that of germinated brown rice produced by soaking method (12.81 mg/100 g). The technology of segmented moisture conditioning has potential applications for studying many other cereals.
Introduction
Germination is widely used for cereals and legumes. A number of studies have shown that the nutrition is enriched after germination of cereal such as barley (Bamforth and Barclay 1993; Iimure et al. 2009 ), wheat (Yang and Ooraikul 2001) , rice (Saman et al. 2008) , oats and rye (Price 1988; Moongngarm and Saetung 2010) , which is beneficial to human health. Germinated brown rice (GBR) as one of healthy foods becomes more and more popular in the world, especially in Asian countries. The texture of GBR is much softer than that of ungerminated brown rice (UBR) (Zhang et al. 2015) . Moreover, GBR has been reported to contain more bioactive substances than UBR and white rice, such as dietary fiber, minerals, proteins, vitamins, especially gamma aminobutyric acid (GABA) (Kayahara 2001; Moongngarm and Saetung 2010) . The content of GABA in GBR was noticed to be ten times more as compared to milled white rice and two times more than that of brown rice (Patil and Khan 2011) .
Recently, researches have focused on producing GBR by soaking method and improving GABA content in GBR (Suzuki and Maekawa 1999; Morita et al. 2007 ). Saikasa et al. 1994 described the accumulation characteristics of GABA in ten rice cultivars with water soaking. Komatsuzaki et al. 2007 reported that GBR with high GABA content could be produced by soaking and gaseous treatment. Many other attempts have been made for producing GBR with high GABA content by stress treatment, such as cytosolic, acidification and water stress (Oh 2003) . However, few studies have tried to find out the optimal water adding rate in the whole process of germination to improve quality characteristics of GBR. The technology of segmented moisture conditioning (SMC), a method of unsoaking, was applied in this study. In this method, water was added in a small amount every hour rather than soaking in excessive water. This new process can reduce the loss of water-soluble substances including GABA and decrease the number of cracks emerging on the kernels, which may affect the edible quality of GBR.
The purpose of this study was to find the optimal water adding rate which was suitable for germination of brown rice by using SMC method. Water was added to brown rice in three stages at three different once moisture adding amount (OMAA) (the increasing percentage of moisture content in brown rice) until the water content of brown rice reached 29 % (the optimum water content to germination), and then brown rice was transferred to a container for germination under certain temperature and humidity. The effects of OMAA in three stages on the GABA content in GBR and germination rate of brown rice were investigated by response surface methodology.
Materials and methods

Brown rice samples
The Dongnong 419 paddy used in this study was harvested in 2012, and provided by the experiment station of the Northeast Agricultural University (Harbin, China). Brown rice samples were obtained after hulling by a sheller (THU-35B type, Satake, Tokyo, Japan), cleaning and removing impurities. Samples were stored in airtight containers at ambient temperature (20°C±2°C) with the initial moisture content 12 % (w. b.).
Soaking test
The brown rice was packed with gauze and soaked in distilled water between 20°C and 40°C in 250 mL glass beakers. About 15 g brown rice samples were put into each beaker that contains 200 mL distilled water. Beakers were placed into the thermostat water bath to control temperature. The samples were taken out after achieving the required time. Then the water on the surface of brown rice was dried by using filter paper. The samples were then moved to a plastic cup and weighed on analytical balance to an accuracy of±0.1 mg. The moisture content of brown rice was calculated based on the initial moisture content previously determined. All soaking tests were done in triplicate.
Preparation of GBR Lots of brown rice (100 g) was put in culture dishes (15 cm diameter) after weighting. Water was added onto the surface of brown rice grains by means of spraying water as mist on the basis of OMAA (once moisture adding amount) in three stages. Three stages were divided as, stage I: rapid water absorption stage, stage II: slow water absorption stage and stage III: flat water absorption stage, according to different water absorbing rates. Water was added once an hour until the water content reached 29 %, and the brown rice grains were conducted conditioning under 95 % humidity at 30°C during the whole process of adding water. Then the samples were put in a temperature-humidity chamber (CTHI-150 (A) B type, temperature fluctuation±0.2°C, Shi Dukai Equipment Co., Ltd., Shanghai, China) at 25°C for 36 h to germination.
Experimental design and statistical analysis
The factors selected for water addition rate were once moisture adding amount of stage I (OMAA I) (x 1 ), once moisture adding amount of stage II (OMAA II) (x 2 ) and once moisture adding amount of stage III (OMAA III) (x 3 ). The selected independent variables and their levels in the form of coded variables were shown in Table 1 , which were determined according to the results from preliminary experiments and previous study (Arora et al. 2007; Jia et al. 2012) . Experiments of brown rice were performed by a central composite design (CCD) employing Design Expert software program (V6. 0. 4) of the Stat-Ease software (Stat-Ease, Inc., Minneapolis, MN, USA) with five levels of each parameter (Zheng et al. 2011) . A multiple regression analysis of the data was carried out for obtaining an empirical model, which related the measured responses to the independent variables. The significant probability was at p<0.05. The value of various responses at different experimental combinations for coded variables was given in Table 2 .
According to the theory of a multiple regression analysis, a second order polynomial equation for a three factor system is as follows: 
Where β k0 , β ki , β kii , β kij are the constant coefficients and xi, xj are coded independent variables.
Both of the two models were tested for their adequacy using ANOVA technique. The validity of the models was confirmed by F-values for the lack of fit nonsignificant (p>0.05).
Variance analysis of the single factor was calculated using SPSS software, version 18 (Inc., Chicago, IL, USA).
Determination of germination rate
The brown rice was considered to be germinated when the germ reached 0.5-1.0 mm. One hundred grains of rice were taken out randomly after 48 h of germination, and grains which reached the standard of germination were counted. The germination rate was calculated based on the total 100 grains (Chung et al. 2009 ). Each sample was counted three times and calculated the mean as the result.
Analysis of GABA in GBR
The GABA content of germinated brown rice was determined by following the procedure of Zhang et al. 2015 . Firstly, the GBR samples were smashed into powder by using micro plant grinding machine (FZ-102, Taisite, Tianjin, China). And then about 2 g powder of each GBR sample was taken out to be measured by using an amino acid auto analyzer (L-8800, Hitachi, Hitachina ka, Japan) after processing by the solution. All of the samples solution and amino acids standard solution used in the determination were prepared by following the method of Zhang et al. 2015 . The GBR samples were determined in triplicate.
Results and discussion
The relationship between moisture content of brown rice and soaking time at different temperatures were shown in Fig. 1 . The values of various responses at different experimental combinations for coded variables were presented in Table 2 . Analyses of variance (ANOVA) (Tables 3, 4 and 5) were conducted to investigate the statistical significance of independent variables on the germination rate and GABA content of GBR.
Water absorption characteristic
As Fig. 1 indicated, the moisture content of brown rice at different temperatures increased dramatically at first, then rised slowly and kept stable when reached moisture content of 32-33 %. The rate of water absorption increased with increasing temperature as demonstrated by the slopes of the absorption curves. For instance, the water content after soaking for 8 h reached 24, 29 and 32 % at 20, 30 and 40°C respectively, because the higher temperature resulted in the faster motion of water molecule. The time decreased to reach saturation state with the increasing temperature. The result agreed well with reports about similar treatments on other cereals, such as steeping of sorghum grains (Dewar et al. 1997) , and steeping and germinating of barley (Chung et al. 2009 ). The water absorption curves can be divided into three stages according to different water absorbing rates, namely stage I 12-18 % moisture content (stage of rapid water absorption), stage II 18-24 % moisture content (stage of slow water absorption) and stage III 24-29 % moisture content (stage of flat water absorption). Bamforth and Barclay (1993) reported that the barley grains soaked at 35°C promoted mold growth on surface and resulted in an undesired flavor. The temperature below 35°C for the water absorption process x 1 represents once moisture adding amount of stage I; x 2 represents once moisture adding amount of stage II; x 3 represents once moisture adding amount of stage III; y 1 represents germination rate of brown rice; y 2 represents GABA content of germinated brown rice was recommended. However, relatively high temperature is helpful for the germination of brown rice. Based on abovementioned consideration, 30°C was selected as the temperature of water adding process.
Effect of variables on germination rate
As shown in Table 2 , the germination rate values of brown rice varied from 88.33 to 92.33 %. Table 3 indicated that the effect of OMAA II was very significant with a probability of over 99 % (p<0.01). Effects of OMAA I and OMAA III were significant with a probability of over 95 % (p<0.05). According to the F value in Table 3 , OMAA I is the most important factor, followed by OMAA II, OMAA III is the least important. In Table 3 , it was presented a regression equation of the relationship between germination rate and variables had high credibility (R 2 of 0.8701, lack of fit of 0.1122). The quadratic regression model for germination rate was given in Eq. (2). 
Figure 2a-c described the interaction of any two factors in the three factors. The interaction of OMAA I and OMAA II was shown in Fig. 2a . The germination rate varied significantly with OMAA I and OMAA II, which increased at the initial stage and then decreased with the increase of OMAA I and OMAA II. A similar trend of OMAA III was presented in Fig. 2b . When the once moisture adding amount (OMAA) of three stages was in lower level, water absorption of brown rice was not sufficient, resulting in low activation rate of kinds of enzyme in brown rice. Therefore, the germination rate during observation period was low. When the three factors were in higher level, a lot of cracks were caused by large humidity gradient between surface and inside of brown rice. Thus, the germinating process was restrained. In addition, since water was absorbed extremely slowly in stage III, the excessive water might lead to anoxic conditions which caused microbial proliferation and cell hypoxia (Chung et al. 2009 ).
Effect of variables on GABA content
As shown in Table 2 , the variations of GABA content varied from 18.77 mg/100 g to 28.21 mg/100 g. Table 4 indicated that the GABA content regression equation of R 2 of 0.9505 and lack of fit of 0.0522 was high reliability. Table 4 showed that OMAA I, OMAA II and OMAA III were very significant with a probability of over 99 % (p<0.01). The behavior of input variables on GABA content of GBR was described by Eq. (3). 
Figure 3a-c was the response surface 3D plots which displayed the effect of interaction between any two factors while the other parameter was kept at its center point. As shown in Fig. 3a -c, the GABA content first increased with the increase of OMAA I, OMAA II and OMAA III, and then decreased. It was noticed that GABA generating system was affected by glutamate, GAD, calcium, calmodulin, etc. (Crawford et al. 1994) . When parameters of OMAA I, OMAA II and OMAA III were in lower level, the activation of all kinds of enzyme including GAD was slow. Thus, the concentration of GABA was found to be less. When the three factors were in higher level, cracks caused by absorbing water rapidly hindered the accumulation of GABA (Jia et al. 2012 ). In addition, the excessive water adding amount in OMAA III might lead to anoxic conditions which hindered the germinating process, resulting in decrease of GABA content.
Determination and validation of the experimental model of the optimal parameters
With the target of getting high germination rate and high GABA content, a set of solutions were given by the software to determine the optimum conditions of germination characteristic. The upper ⁄ lower bounds, different weights and importance for factors and responses of SMC treatment were shown in Table 5 . The optimal conditions were generated by running the solutions menu of the numerical optimization program in the Design Expert software. The optimum parameter values were as follows: OMAA I of 1.06 %/h, OMAA II of 1.42 %/h and OMAA III of 1.31 %/h. The optimum results were germination rate of 91.51 % and GABA content of 28. 21 mg/100 g. At the optimal conditions mentioned above, three experimental results of germination rate were 90.33, 91.33 and 91.67 % respectively, whose average value was 91.11 %, close to the estimated value 91.51 % according to the equation. Three experimental results of GABA content were 27.56 mg/100 g, 27.12 mg/100 g and 28.01 mg/100 g, whose average value was 27.56 mg/100 g, 2.3 % lower than prediction value. The above-mentioned results demonstrated that both of two regression equations were fitted well.
Comparison of germination rate in two methods Figure 4 showed that the germination rate of brown rice by soaking process was 84.97 %, while that obtained under the optimum water addition rate was 91.33 %. ANOVA results in Table 6 indicated that there was significant difference in germination rate under different germination processes (p<0.0001). On the one hand, in soaking process, a large amount of water-soluble nutrients was lost in water, resulting in the decrease of nutrients needed for germination to cause low germination rate. On the other hand, cracks were caused by excessive water which may affect the germination of brown rice. The technology of SMC was used to solve these problems. Thus, the germination rate of brown rice obtained under the optimum water addition rate was much higher than that by soaking process.
Comparison of GABA content in two methods
As shown in Fig. 5 , the GABA content in GBR by soaking process was 12.81 mg/100 g, while that obtained under the optimum water addition rate was 28.14 mg/100 g. ANOVA results in Table 7 indicated that there was significant difference in GABA content under different germination processes (p<0.0001). GABA is a kind of water soluble substance which accumulated during germination of cereals, and is easy to dissolve in water under soaking process (Hill et al. 1996) . In this new method, water can be absorbed completely because the amount of water was not excessive. Moreover, the optimum water adding rate is beneficial to germination of brown rice and the generation of GABA. Therefore, the GABA content of GBR obtained under the optimum water addition rate was much higher than that by soaking method.
Conclusions
The new method of segmented moisture conditioning (SMC) improved the germination rate and concentration of GABA in GBR. Optimum processing parameters, as well as close to optimal moisture adding rate, concluded in this study were as follows: once moisture adding amount of stage I (OMAA I) with 1.06 %/h, once moisture adding amount of stage II (OMAA II) with 1.42 %/h and once moisture adding amount of stage III (OMAA III) with 1.31 %/h. It was revealed that the method of SMC was superior to soaking process for germination of brown rice. The lower water adding amount avoided the loss of water-soluble nutrients including GABA, and reduced the number of cracks caused by soaking in water. GBR with higher quality characteristics can be produced under the optimum parameters. The method of SMC may be applicable to generation of other cereals rich in GABA, such as wheat and barley. 
